Since Caspersson developed scanning method of Feulgen cytophotometry, it has been used as one of the best ways to measure the DNA content of a nucleus. Among various kinds of optical errors such as S-V effect and distributional error, the great influence of non-specific light loss had not been realized until Fujita and Fukuda pointed it out (1, 2) . The two-wave-length-scanning method (3, 4) was developed to eliminate the non-specific light loss and by means of this technique, accurate measurement of Feulgen dye content has become possible on cells in the central nervous system (2) . As an application of this method, the present study is performed to determine the time of glioblast differentiation (5) in the human embryos and human fetuses to which 3H-TdR autoradiography cannot be applied.
MATERIALS AND METHODS (1) Collection of materials
Abortive human embryos ranging from 5 to 20 weeks of gestational age without any visible damage were collected and fixed in 10% formalin. The brain was cut coronally through parietal region and the spinal cord was cut across at cervical, thoracic and lumbar regions. The tissues were washed for over 12 hours and embedded in paraffin. Twenty micra sections were prepared from 7, 8, 12 and 20 week old embryos for cytophotometric measurements.
(2) Feulgen reaction Hydrolysis was performed in 1NHC1 at 60±1°C for 10 min. Then the sections were treated with Schiff's reagent in glycine buffer (6) for 40 min, and washed in buffered sodium bisulfite solution (pH 2.3) two min each for three times.
(3) Preparation for cytophotometry A series of Feulgen stained sections 20 µ in thickness were transferred to quartz slides and mounted in biolite or cedar oil. In situ measurements were performed in the restricted areas where cells were distributed sparsely. These areas were marginal layers of the cerebral cortex and the spinal cord and transitional layer of the cerebral cortex. In the other areas where cells were densely packed, it was unable to measure cells in situ. Micro-manipulatory technique followed by hyaluronidase treatment was used to obtain free cells. By using these two sets of preparations, whole areas were examined where glioblasts possibly came in appearance. (4) Selection of intact nuclei and measuring device Intact nuclei were selected according to the following principles. The objective lens was first focussed on the surface of the section, then it was gradually moved downward. The cells which could be focussed in the middle plane of the section but not in the uppermost and lowermost levels were considered as intact nuclei. In the isolated cells, pale-stained nuclei or nuclei whose nuclear membrane were broken were discarded as cut nuclei.
As proved by the measurement of cerebellar neurons of man and rat(4), the brain tissue contains a great amount of light scattering substances such as myelin sheaths, nerve cell bodies and glial fibers which produce non-specific light loss. In order to perform accurate measurement of Feulgen dye content in a nucleus, it is necessary to eliminate the non-specific light loss by the two-wave-length-scanning method. Measurement was performed as follows using OLYMPUS MMSP-TU-S microspectrophotometer (3). The light spot, 1 µ in diameter, moves automatically in two dimensions at the speed 50 µ per second. The light spot with the wavelength 450 nm scans along the X-axis for the distance to cover the width of a nucleus. Then, it moves back to the initial point changing the wave-length from 450 nm to 550 nm. The light spot with 550 nm again scans the same area as before. The balance of absorbances of these two-wave-lengths gives us specific absorbance of Feulgen dye. When the scanning with these two-wave-lengths on the first Xaxis has completed, the spot is shifted downward by 1 µ and repeates the scanning until the Y-axis covers the length of a nucleus. Total amount of DNA content is given by summation of the balances. week old fetus (CR 60 mm, Fig. ld ), the primitive cortex was being formed outside the transitional. layer. In a 20 week old fetus (CR 180 mm, Fig. le) , the whole width of the cerebral cortex became about five times thicker than that of the 12 week old fetus. The remarkable structural change was observed in the periventricular region. Instead of matrix layer, the ependymal and subependymal layers (7) were encircling the ventricle. In this layer, round or oval shaped cells were gathered without any polarity toward the ventricular surface. The transi- tional layer became quite thick. In the superficial zone of this layer, cells were arranged toward the surface, but in the deeper zone, cells arranged parallel to the surface were mixed. The thickness of the cortical anlage was about twofold of the 12 week old fetus. b) Spinal cord: In a 5 week old embryo ( Fig. 2a ), the spinal cord consisted of three layers. These were marginal, mantle and matrix layers. Matrix layer of this stage was quite thick. Development of the basal plate (ventral part of mantle layer) surpassed that of the alar plate (dorsal half of mantle layer). The marginal layer was yet thin in this stage and no cells migrated here. In a 7 week old embryo ( Fig. 2b) , the accumulation of cells in the mantle layer was much increased than in a 5 week old embryo, and in the marginal layer, spindle or oval shaped cells were scattered. The spinal cord of an 8 week old embryo ( Fig. 2c ) became enlarged as a whole, but the matrix layer was thinner than in a 7 week old embryo, indicating involution. In the basal plate, cellular density was decreased, while in the alar plate, cells were packed. Cells distributed in the marginal layer was increased in number. In a 12 week old fetus (Fig. 2d ), the matrix layer was completely disappeared, only leaving ependymal cells around the central canal. The boundary between mantle layer and marginal layer became blurred, because the cellularity in the marginal layer was quite high. In the free cells liberated from the mantle layer, a few kinds of cells different in shape were mixed. The first was round, pale or medium dark nuclei ( Fig. 3a These were considered as immature neurons. The second was oval shaped nuclei, difficult to determine whether they were neuroblasts or glioblasts (Fig.  3b) . The third was elongated, irregularly shaped, probably being endothelial cells. These irregularly shaped nuclei were omitted from measurements.
RESULTS
(2) Measurements a) Cerebral cortex : In an 8 week old embryo, 105 liberated cells in the mantle layer were measured. Their absorbances showed unimodal distribution from 18 to 24 in arbitrary unit, the mean falling to 21.3 (Fig. 4a) . These values were in the same range as those of cerebella neurons of man whose DNA contents were determined to be constantly diploid (4) . None of cells over 24 unit in absorbance were found. This indicated that mantle layer of this age consisted only of neuroblasts. In a 12 week old fetus, 234 cells in the mantle layer, transitional layer and cortical anlage were measured (Fig. 4b) . The cells in the transitional layer were measured in situ. Even in this stage, their absorbances fell below 24 unit, being in diploid range. Several nuclei showed below 18 unit. They might be defective nuclei, part of which was lost during preparation. In a 20 week old fetus, free cells obtained from the cortical anlage were all in diploid range. But in situ measurements of cells in the transitional layer revealed that in the deeper zone just above the subependymal layer, cells whose absorbances were more than 24 unit were distributed. Histogram of total cells was shown in Fig. 4c . This indicated that glioblasts were being produced in this stage of development. b) Spinal cord: In a 7 week old embryo, 115 cells were measured in the basal plate and in the marginal layer, all being in diploid range with unimodal distribution ( Fig. 5a ). But in an 8 week old embryo, out of 260 cells measured, 8 nuclei had more than diploid DNA values as shown in the black blocks of Fig.  5b . These cells were considered as DNA synthesizing glioblasts. In a 12 week fetus, cells with more than diploid DNA values increased in number (Fig. 5c ).
DISCUSSION
It was pointed out by Fujita and Fukuda (1, 2) that, in absorption cytophotometry with visible light, the non-specific light loss produces a serious error to result in falsely high absorbances and greater dispersion around the mean. This kind of error was first noted in the measurement of section materials of rat cerebellum (1, 2) . They observed that even unstained preparation did "absorb" the light at the wave-length 550 nm. This phenomenon was not caused by true absorption but by the loss of light due to scattering and reflection of light in the preparation. In the central nervous tissue, nuclei are embedded in the great amount of light scattering substances such as myelin sheath, nerve fibers and glial processes. Therefore, it was of utmost importance to eliminate the non-specific light loss in order to perform the accurate measurements. Because the non-specific "absorption" curve and its amount was almost the same both at 550 nm and at 450 nm (2), and because the light beam of wave-length 450 nm was not virtually absorbed by Feulgen dye the absorbance at 450 nm was thought to give the amount of non-specific light loss. As shown in table 1, the total absorbance at 550 nm of two glioblasts at Gl-phase varied considerably. But, when the amount of nonspecific light loss was subtracted, their true absorbances converged to almost the same amount of DNA values. The same fact was observed on a G2 cell and a metaphase nucleus. In the measurement of small cells such as neuroblasts and glioblasts, distributional error should be considered. But scanning method with small spot, l µ in diameter, could bring the error to minimum. By this refinement of measurement, it has become possible to measure the DNA contents of nuclei in the central nervous system accurately. The DNA contents of Purkinje cells and inner granule cells of cerebellum of man and rat were measured by this method, and it was confirmed that they possess exactly the same amount of diploid DNA values (4) . Further, by the combination with 3H-TdR autoradiography, it was shown that cells with intermediate DNA values, between diploid and double diploid, were all labeled, being DNA synthesizing cells (8) . It means that cells with diploid, intermediate and double diploid can be regarded as those in G1, S and G2 phase of a mitotic cycle respectively. This has opened the possibility for this method to apply to the analysis of proliferating tissue such as human nervous tissue to which 3H-TdR autoradiography cannot be applied. Determination of the time of glioblast differentiation in the human embryos and human fetuses was one of these applications.
According to the matrix cell theory (5, 9, 10, 11) , the cell differentiation of the central nervous system advances in three successive stages ( Table 2 ). In stage I, the matrix cells, the only cell kind in this stage, are proliferating homoplastically repeating an elevator movement. In stage II, neuroblast differentiation from the matrix cells commences. Transition from stage I to stage II is recognized morphologically by the appearance of mantle layer just outside the matrix layer. In the cerebral convexity of human embryo, it was at around 7 weeks in ges- tational age. In the spinal cord, it was earlier than 5 weeks of fetal age. The stage III, the stage of glioblast differentiation begins only after neuroblast differentiation has completed. But the time of transition from stage II to stage III is difficult to determine morphologically, because both neuroblasts and glioblasts have quite similar nuclear features. Studies by 3H-TdR autoradiography on the cerebrum and the spinal cord of chick embryos showed that in the second stage of neurogenesis when neuroblast production is going on, all cells in the mantle layer and marginal layer were free from the label except endothelial cells by flash labeling. But when glioblasts come in appearance, many labeled cells were found in the same layers. It indicates that neuroblasts never proliferate after differentiation, but glioblasts are proliferating actively even after differentiation. Therefore, glioblasts can be distinguished from neuroblasts cytophotometrically as those with more than diploid DNA values, if they are in S, G2 or M phase of a mitotic cycle. Based on this assumption the data obtained in the present study is explained as follows.
When the absolute absorbances are compared between different kinds of cells, proportionality error due to difference in the rate of hydrolysis is to be considered. But because the cells of the nervous tissue of human embryos or fetuses had almost the same nuclear sizes and chromatin pattern except mature neurons in the older fetuses, this kind of error was negligible in the standardized hydrolysis condition, 1 N HCl at 60°C for 10 minutes. As an evidence for this, distribution of diploid cells was always unimodal even at later stage of development in which heterogeneous cell kind coexisted in the measured preparations.
Even after the optimal hydrolysis condition is established, the stainability was not always the same between different materials or different sections, because there were a few factors to make stainability deviate from the maximum. These factors were (a) freshness of the materials at the time of fixation, (b) kinds of fixatives and the duration of fixation, (c) kinds of preparation (smear or thick section). I willl discuss on every item in sequence. (a) When the absorbances of cerebellar neurons in autopsy materials were measured, there was no difference in absorbances between the tissue obtained a few hours after death and that 20 hours after death. This indicated that postmortem degradation of DNA molecules occured considerably slowly. (b) For Feulgen reaction, it is preferable to avoid fixatives containing aldehyde or acids, since aldehyde itself can react with Schiff's reagent. If the tissue was contaminated with formalin, it could falsely raise the stainability. But washing the tissue in running water for over 12 hours could avoid the contamination. On the contrary, reduction of stainability was observed when the tissue was fixed TTABLE 2 Scheme of matrix cell theory-for long in formalin. When the tissue was fixed over a year, stainability became almost nil. But within one or two weeks, no remarkable reduction was observed. This phenomenon was probably due to an automatic hydrolysis of DNA by formic acid which was produced by degradation of formaldehyde. The reduced stainability was accentuated when strong acid such as picric acid was contained in the fixative. However, even after the overall stainability was reduced, the proportionality in the same section was preserved. Therefore, it was possible to calibrate the absorbances to the values of maximum stainability. (c) In the thick sections, the distribution of diploid cells were wider than in the smear preparations, even after the non-specific light loss was eliminated. One of the reasons was due to presence of cut nuclei. Another reason was supposed to be due to uneven diffusion of leuco-fuchsin dye into the section where cells were densely packed. As an evidence for this, it was observed that in the areas where cells distributed sparsely such as in the marginal layer and transitional layer, the distribution of absorbances were narrower than in the mantle layer where cells were thickly piled up.
When the sections were used for measurements, the possibility of picking up cut nuclei were not completely excluded. If the cut nuclei were measured, their DNA values might be underestimated than their true DNA contents. Though this was an inevitable fault of using section preparations, proportion of cut nuclei was considerably reduced by following the above stated principle in the selection of nuclei. In situ measurement oC nuclei enabled us not only to distinguish glioblasts but also to know the exact topography of their location. For example, in the cerebral cortex of a 20 week fetus, glioblasts were distributed in the deeper zone of the transitional layer just above the subependymal layer and did not reach the superficial zone. Micro-manipulatory technique followed by hyaluronidase treatment was useful for obtaining free cells from the parts of tissue where in situ measurement of nuclei was difficult. Quite a small area in the tissue could be taken as one desired, using a razor blade and a needle under stereomicroscope. Hyaluronidase treatment of tissue fragments made interconnection of cells very loose and tapping gently the digested tissue by a glass rod was enough to make packed cells free from contact. Even after the treatment, no reduction in the Feulgen dye content of a nucleus was observed. Next problem was to exclude endothelial cells from glioblasts. Though their nuclear features or nuclear sizes were not always specific, they were usually spindle shaped, elongated and irregularly shaped. Such nuclei were omitted from measurements. In situ measurements, capillaries or venules in which erythrocytes were filled could be recognized. Further, nuclei which arranged linearly were excluded as endothelial cells.
Taking these problems inherent in using section preparations into consideration, the results obtained were explained as follows : The cerbral hemispheres of an 8 week old embryo and of a 12 week old fetus were still in the second stage of neurogenesis, but in a 20 week old fetus, differentiation and migration of glioblasts were taking place in the deeper zone of the cerebral hemispheres. In the spinal cord, glioblasts were first found in an 8 week old embryo. As the development proceeded, the number of proliferating glioblasts were increased. It showed that gliogenesis started between 12th and 20th week in gestational age in the cerebral cortex, while it started between 7th and 8th week in the spinal cord, earlier than in the cerebral cortex,
